1. Introduction {#sec1}
===============

Fast-moving consumer goods (FMCGs), such as personal care and homecare products, are typically defined as competitively low-priced products that sell quickly and are purchased frequently.^[@ref1]^ FMCGs have traditionally been sold via physical retail stores (brick and mortar), but the share of sales via e-commerce channels is increasing.^[@ref2]^ For example, the online value share of the FMCG market in China, the United Kingdom, and the United States in 2017 was 6.2, 7.5, and 1.5% and is forecast to rise to 15, 12, and 8%, respectively, by 2025.^[@ref2]^ This shift in sales will affect the environmental impacts associated with the purchase of such products.

E-commerce covers a wide range of shopping models, but the two main types of e-commerce are the "store-based" model, often called bricks and clicks (e.g., online ordering and fulfillment via a physical shop or store), and "non-store-based" model, often called "pure play", typically conducted by e-commerce retailers.^[@ref2],[@ref3]^ These two e-commerce models have different supply chain configurations (e.g., warehousing and logistics) and hence different GHG footprints.^[@ref3]^ A number of studies suggest that e-commerce has a lower GHG footprint than that of traditional shopping,^[@ref4]−[@ref6]^ although one must be careful not to draw general conclusions given the complexity and diversity of the retail environment and consumer shopping practices.^[@ref3],[@ref7]^

The GHG emissions of product distribution and purchase (including collection and delivery to the home) of traditional retail and e-commerce are region-dependent and influenced by both supply chain configuration and consumer-related factors. The choice of the shopping channel is the first source of variability. Consumer density of the region influences the performance of all three retail channels. When an online channel is used, the delivery window, the timeframe that something needs to be delivered within, is shown as an important variable.^[@ref8]^ The GHG footprints of parcel delivery calculated from the annual reports of some of the main parcel companies who perform pure players' delivery vary by a factor of 3 (0.4--1.2 kg CO~2~eq/parcel).^[@ref9]−[@ref13]^ When the brick-and-mortar method is used, the mode of transport, distances traveled, number of products purchased, and fuel efficiency of vehicles are key variables. As an example, in the U.S.A., 95% of shopping trips are made by car^[@ref14]^ compared to only 44% in the Netherlands.^[@ref15]^ Depending on the functional unit, the type, number, size, mass, and price of products purchased through each retail channel could also be critical variables in the GHG footprint. For example, the GHG footprint of clothes purchased online can be very different from those purchased via brick and mortar as the return rate is much higher for online purchases.^[@ref16]^ The basket size is also highly variable and mainly related to the living situation of the consumers.^[@ref17]^ van Loon et al.^[@ref3]^ showed that, when only a single FMCG item is purchased, the life-cycle GHG footprint of shopping through "pure players with parcel delivery networks" is around half that of shopping through brick and mortar (0.9 vs 2.04 kg CO~2~eq/item). At the same time, they also showed that life-cycle GHG emissions per item delivered via pure players can be much higher than those of traditional retailing when the actual number of products purchased through each channel is considered (0.81 vs 0.24 kg CO~2~eq/item).

Even though the way consumers perform their FMCG shopping is known to be highly variable both within and across countries, it is not typically quantified mainly due to a scarcity of specific data on consumer shopping practices.^[@ref18]^ While deterministic models ignore a large range of differences in real-world activities, quantification of variability in the GHG footprints and calculation of the contribution of different variables to the overall variance provide a better understanding of the footprints and their key drivers.^[@ref19]^ A stochastic model has two main advantages: (1) it enables us to probabilistically compare the GHG footprint of shopping through different retail channels, and (2) it enables us to quantify the contribution of each source of variability to the variability in the overall GHG footprints and consequently discover the opportunities for improvement.

The goal of this study was to systematically characterize, quantify, and compare the variability in the GHG footprint of product distribution and purchase of FMCG products purchased via three different retail channels, that is, "brick and mortar", "bricks and clicks", and "pure players", in the United Kingdom. Monte Carlo simulation was used to propagate the variability throughout the supply chain. Since previous research has indicated that the last mile phase, that is, the transport of products from a transportation hub, such as a store or a warehouse, to consumers, has an important influence on the GHG footprint of FMCG items,^[@ref2]^ we further investigated the role of consumer practices and choices on (1) the last mile footprints of brick and mortar in three other countries (Netherlands, the United States, and China) with different shopping behaviors and (2) the influence of using electric cargo bikes for the last mile footprints of pure players.

2. Materials and Methods {#sec2}
========================

2.1. Scope of the Study {#sec2.1}
-----------------------

### 2.1.1. GHG Footprint of Product Distribution and Purchase of FMCG Products in the United Kingdom {#sec2.1.1}

The activities included in the GHG footprint of the FMCG products purchased in the U.K. from the point of manufacture to the consumer's home are summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and include transport, storage (e.g., warehousing, in store), and any delivery packaging activities. We used global warming potentials with a time horizon of 100 years to calculate the greenhouse gas footprints in CO~2~eq.^[@ref21]^ Three retail channels are considered, namely, (1) traditional retail (brick and mortar) and two e-commerce channels: (2) online retail and delivery from a store-based supplier (bricks and clicks) and (3) online retail and home parcel delivery from a non-store-based supplier (pure player).

![Scope of the study: U.K. market. Variables presented in the dashed box are excluded from this study. Only disposal of the delivery packaging for the pure-play channel is included in the model.](es9b06252_0002){#fig1}

The total GHG emissions associated with the purchase of one FMCG product via each retail channel were calculated by summing the GHG emissions from (i) upstream transport, that is, primary, secondary, and tertiary transport, (ii) energy use in warehousing/product storage, (iii) last mile transport, and (iv) transport packaging left with the consumer (for pure players only). In this study, primary transport is defined as the transport of products from the factory to the manufacturer's warehouse. Secondary transport is the transport of products from the manufacturer's warehouse to the retailer's distribution center, and tertiary transport is used when products are transported to either a retail shop (brick and mortar and bricks and clicks) or a parcel distribution center (pure players).

The allocation of GHG emissions to a single item was done in the following way:(1)The GHG emissions due to storage and upstream transport of a single FMCG item were allocated based on the volume and weight of the product, respectively. We assumed that the same types of products are purchased through the different channels, and the weight and volume of the products were estimated using 2900 nonrefrigerated products supplied by the company Unilever.(2)As suggested by Edwards et al.,^[@ref20]^ the GHG emissions from the last mile transport and transport packaging were allocated based on the basket size, that is, the number of products purchased through a specific channel. Passenger cars and delivery vans are often not full when they are used for the purpose of transporting FMCGs. This means that FMCGs' weight or volume is often not a limitation that affects the number of trips/deliveries.^[@ref6]^

Excluded from the study are the following:(1)All activities up to and including product manufacture, storage at home, and use and disposal of the product. These are assumed to be the same for all three retail channels.(2)The GHG emissions associated with the construction of buildings, the employees for each retail channel, and IT (e.g., data centers and devices) used by retailers and consumers.(3)Return and loss of products.(4)Last-mile delivery packaging for both brick-and-mortar and bricks-and-clicks channels. Delivery packaging is considered to be negligible for these channels.^[@ref3]^

### 2.1.2. Last-Mile GHG Emissions in China, Netherlands, the United Kingdom, and the United States for Brick and Mortar {#sec2.1.2}

In addition to the calculations performed for brick and mortar in the U.K., we gathered empirical data for three other countries with significantly different consumer traveling behaviors for the purpose of shopping, namely, China, Netherlands, and the United States to quantify the influence of inter-country behavioral variability in the last-mile transport.

### 2.1.3. Last-Mile GHG Emissions of Delivery Vans or Electric Cargo Bikes for Pure Players {#sec2.1.3}

The distance driven by the parcel companies' delivery vehicles can be divided into two parts:(1)The so-called "stem mileage", that is, the distance between the depot of the parcel company and the delivery zone, and(2)The "drop mileage", that is, the distance traveled after a delivery zone has been reached.^[@ref21]^

While the stem mileage is almost always done by delivery vans, the drop mileage can also be performed by electric cargo bikes or tricycles rather than delivery vans.^[@ref22]^ Although there are also other alternatives such as drones^[@ref23]^ and robots,^[@ref24]^ their application is quite limited. Parcel companies around the world are showing strong interest in cargo bikes, which could serve a considerable fraction of the last-mile deliveries in many areas of the world.^[@ref25]^ The applications and environmental impacts of cargo bikes have been investigated in a number of recent studies^[@ref26]−[@ref30]^ given that we also modeled a scenario in which cargo bikes were used for drop mileage.

2.2. GHG Footprint Equations {#sec2.2}
----------------------------

[Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} presents the formula that was used to calculate the total GHG emissions, that is, the GHG footprint, of shopping for FMCGs in the U.K.:

GHG_FP*~i~* is the GHG footprint associated with shopping through retail channel *i* (kg CO~2~eq/item). GHG_UT*~f~* is the GHG emissions associated with phase *f* (primary, secondary, or tertiary) of upstream transport (kg CO~2~eq/item). GHG_S~*f*, *i*~ is the GHG emissions associated with phase *f* (i.e., a warehouse, distribution center, or retail shop) of product storage for retail channel *i* (kg CO~2~eq/item). GHG_LM*~i~* is the GHG emissions associated with the last-mile delivery phase of retail channel *i* (kg CO~2~eq/item). GHG_Pack*~i~* is the GHG emissions associated with the delivery packaging for the retail channel *i* (kg CO~2~eq/item).

### 2.2.1. Upstream Transport {#sec2.2.1}

[Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} was used to calculate the GHG emissions associated with each phase of upstream transport (i.e., primary, secondary, and tertiary transport). Then, the GHG_UT's were summed to calculate the total GHG footprints related to upstream transport. The mode and distance of upstream transport were assumed to be identical for all retail channels considered.

*V* is the mode of transport. *C*~V~ is the probability of the type of transport mode *V* (dimensionless). DT*~V~* is the distance traveled by transport mode *V* (km). GI*~V~* is the GHG emission intensity of transport mode *V* (kg CO~2~eq/(kg·km)). *W*~Prod~ is the weight of the product (kg/item).

### 2.2.2. Product Storage in Retail Channels {#sec2.2.2}

[Equation [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} was used to calculate the GHG emissions associated with storage of the FMCG product in the retail channels. GHG_S was separately calculated for the manufacturers' warehouses, distribution centers, parcel distribution centers, and retail shops. Then, the GHG emissions from the relevant phases (*f*) to each retail channel (*i*) were summed to calculate the total GHG footprint for product storage.

*E*~W~ is the annual electricity use (MJ/(m^2^·year)). GI~E~ is the GHG emission intensity of electricity consumption from the U.K. grid (kg CO~2~eq/MJ). *G*~W~ is the annual natural gas use (MJ/(m^2^·year)). GI~E~ is the GHG emission intensity of gas consumption (kg CO~2~eq/MJ). *T*~W~ is the storage time (year). AF~W~ is the storage volume factor (fraction of the volume of the warehouse/store, which is dedicated to store the products) (dimensionless). *H*~W~ is the height of the warehouse/shelf stack (m). *V*~Prod~ is the volume of the product (m^3^/item).

### 2.2.3. Last-Mile Delivery {#sec2.2.3}

#### 2.2.3.1. Brick and Mortar {#sec2.2.3.1}

To quantify the GHG emissions associated with consumer travel to retail stores, we first chose the mode of travel based on the numbers provided in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and then assigned the corresponding variables using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.

*D*~BM~ is the one-way travel distance (km) (multiplied by 2 to account for the round-trip distance). GI~TMode~ is the GHG intensity associated with the selected mode of transport (kg CO~2~eq/km). BS~BM~ is the number of items per shopping trip in the brick-and-mortar channel (dimensionless).

#### 2.2.3.2. Bricks and Clicks {#sec2.2.3.2}

We used [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} to quantify the last-mile GHG emissions associated with the delivery of products via bricks and clicks. Based on the information provided by van Loon et al.,^[@ref3]^ the failed delivery rate was considered to be negligible for bricks and clicks.

*D*~BC~ is the distance per delivery (km). GI~veh~ is the GHG intensity of the delivery vehicle (kg CO~2~eq/km). BS~BC~ is the number of items per delivery in the bricks-and-clicks channel (dimensionless).

#### 2.2.3.3. Pure Players {#sec2.2.3.3}

As shown in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, we multiplied the total distance per delivery by the GHG emission intensity of delivery vehicles to quantify the GHG emissions associated with the last-mile delivery of the products. We allowed a maximum of one time of failed delivery in our model, when the consumer was not there to receive the parcel. Considering the information provided by Allen et al.,^[@ref16],[@ref31]^ a 14% chance of failed delivery was included for pure players. We then assumed that 50% of the failed deliveries are redelivered by the parcel company. For the other 50%, we assumed that the parcel company leaves the parcel with a collection/delivery point (CDP) and the consumers would travel to the CDP to collect the parcels. We assumed that the consumers would walk to the CDP if the distance was not greater than 2 km. For greater distances, we assumed that the parcels were collected by car.

SM is the one-way stem mileage (km) (multiplied by 2 to account for a return trip). DM is the drop mileage (km). *N*~D~ is the number of parcels delivered (dimensionless). GI~veh_S~/GI~veh_D~ is the GHG intensity of the delivery vehicle (kg CO~2~eq/km) for stem mileage/drop mileage. *D*~CDP~ is the roundtrip distance to the nearest collection and delivery point (CDP) (km). GI~TC~ is the GHG emission intensity of the travel to the nearest CDP (kg CO~2~eq/km). *F* is a binary variable that equals 1 when the delivery is failed and equals 0 when the parcel is delivered to the consumer. *R* is a binary variable that equals 1 when the parcel is re-delivered after a failed delivery and equals 0 when the parcel is delivered to a collection and delivery point after a failed delivery. BS~PP~ is the number of items per delivery for pure players (dimensionless).

### 2.2.4. Last-Mile Delivery Packaging {#sec2.2.4}

We assumed that a corrugated cardboard box is used to pack the products, kraft paper is used to fill the void in the box, and the cardboard box and papers are sent to paper waste treatment after the parcel is opened. Then, we used [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} to calculate the GHG emissions related to the delivery packaging.

GHG~Pack, PP~ is the GHG emissions associated with the last mile packaging. GI~CB~ is the GHG intensity of cardboard (kg CO~2~eq/g of cardboard). GI~Waste~ is the GHG emission intensity of paper waste treatment (in kg CO~2~eq/g of paper). *W*~CB~ is the cardboard used per liter of product (g/L). *S* is the box saturation (fraction of the box volume that is actually filled by products). GI~KF~ is the GHG intensity of kraft paper (kg CO~2~eq/g of kraft paper). *W*~KF~ is the weight of the Kraft paper in grams used per liter of empty space (g of kraft paper/L of empty space). *V*~Prod~ is the volume of product (m^3^/item).

2.3. Data Sources {#sec2.3}
-----------------

Finding sufficient data is a challenging and important step in developing stochastic models. We gathered raw data from various industry sources and national statistics and combined them with data available from the literature and LCA databases to be able to develop distributions for the input variables of our model (see [Tables [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}--[3](#tbl3){ref-type="other"} and [Tables S1--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf)). We included variability in the (i) product weight and volume, (ii) upstream transport and storage of products, (iii) consumer choice of the retail channel, (iv) number of items purchased, (v) mode of travel, and (vi) GHG emission intensity of passenger cars.

###### Variables Used in the Upstream Transport and Storage Phases

  phase                variables                                  ref
  -------------------- ------------------------------------------ ---------------------
  upstream transport   \- product weight and volume               ([@ref33]−[@ref35])
                       \- probability of each mode of transport    
                       \- distance in each mode of transport       
  storage              \- electricity consumption                 ([@ref36]−[@ref42])
                       \- heat consumption                         
                       \- storage time                             
                       \- storage volume factor                    

###### Input Variables Related to the Last-Mile Phase of the Brick-and-Mortar Channel[a](#t2fn1){ref-type="table-fn"}

                                                                                    values                                                                                 
  -------------------------------------------------------------------- ------------ ------------ ------------ ------------ ------------ ---------------------- ----------- ----------------------
  one-way distance (*D*~BM~)[b](#t2fn2){ref-type="table-fn"}           U.K.         4.91, 2.76   1.21, 1.85   4.67, 2.28   1.87, 2.19             km           lognormal   ([@ref45])
  U.S.A.                                                               4.83, 3.16   0.40, 2.35   5.33, 2.20   NA           lognormal          ([@ref14])                   
  NL                                                                   3.51, 3.61   0.41, 2.48   6.14, 2.90   1.34, 2.50   lognormal          ([@ref15])                   
  CN                                                                   1.82, 2.75   0.6, 1.86    1.79, 2.44   0.9, 2.20    lognormal          ([@ref46])                   
  mode of travel (TMode)[b](#t2fn2){ref-type="table-fn"}               U.K.         80           9            10           1                      \%           custom      ([@ref45])
  U.S.A.                                                               94           5            1            0            custom             ([@ref14])                   
  NL                                                                   44           17           7            31           custom             ([@ref15])                   
  CN                                                                   8            56           3            29           custom             ([@ref47])                   
  GHG emission intensity (GI~TMode~)[c](#t2fn3){ref-type="table-fn"}   U.K.         0.12, 1.27   0            0.10, 1.32   0                kg CO~2~eq/Km      lognormal   ([@ref48], [@ref49])
  U.S.A.                                                               0.18, 1.30   0            0.10, 1.31   0            lognormal     ([@ref48], [@ref49])              
  NL                                                                   0.11, 1.19   0            0.11, 1.20   0            lognormal     ([@ref48], [@ref50])              
  CN                                                                   0.15, 1.18   0            0.11, 1.15   0            lognormal     ([@ref48], [@ref49])              
  shopping basket size (BS~BM~)[d](#t2fn4){ref-type="table-fn"}        all          1,30,70      1, 5, 15     1, 10, 20    1, 5, 15             items          BetaPERT    ([@ref3], [@ref17])

Where two numbers are reported, a lognormal distribution is defined by a geometric mean and geometric standard deviation. Where three numbers are reported, a BetaPERT distribution is used and the minimum, most likely, and maximum numbers are provided.

Data for the mode of travel and the distances in the U.K., the U.S., and the Netherlands came from national travel studies.^[@ref7],[@ref8],[@ref19]^ The data for China came from studies in Shanghai^[@ref21]^ and Nanjing^[@ref20]^ and are only considered to be representative of urban regions in China. See [Section S3.1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

See [Section S3.1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for the calculation details.

Rounded to the nearest integer. See [Section S3.1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

###### Input Variables Related to the Last-Mile Delivery of Bricks-and-Clicks and Pure-Play Channels[a](#t3fn1){ref-type="table-fn"}

  channel                                                                             variable                                            values          unit        distribution                                                 ref
  ----------------------------------------------------------------------------------- --------------------------------------------------- --------------- ----------- ------------------------------------------------------------ ------------
  bricks and clicks                                                                   distance per delivery (*D*~BS~)                     2.1, 4.3, 7.3   km          BetaPERT                                                     ([@ref43])
  number of items per delivery[b](#t3fn2){ref-type="table-fn"} (BS~BC~)               5, 45, 100                                                          BetaPERT    ([@ref3])                                                    
  GHG emission intensity of delivery vans (GI~veh~)[c](#t3fn3){ref-type="table-fn"}   0.26, 1.26                                          kg CO~2~eq/km   lognormal   ([@ref51], [@ref52])                                         
  pure players' last-mile delivery                                                    stem mileage (SM)[d](#t3fn4){ref-type="table-fn"}   17.87, 2.15     km          lognormal                                                    ([@ref44])
  drop mileage (D~LM-PP~)                                                             11.9, 45, 96                                        km              BetaPERT    ([@ref4], [@ref16], [@ref20], [@ref31], [@ref53]−[@ref55])   
  number of deliveries (*N~D~*)                                                       32, 100, 168                                        parcels         BetaPERT    ([@ref4], [@ref16], [@ref31], [@ref53]−[@ref57])             
  number of items per delivery (BS~PP~)[e](#t3fn5){ref-type="table-fn"}               1, 2, 5                                             items           BetaPERT    ([@ref3], [@ref4], [@ref16], [@ref58])                       
  distance to the collection and delivery point (*D*~CDP~)                            1, 2, 5                                             km              BetaPERT    ([@ref53])                                                   
  GHG emission intensity of delivery vans (GI~van~)                                   0.26, 1.26                                          kg CO~2~eq/km   lognormal   ([@ref51], [@ref52])                                         
  pure players' transport packaging[f](#t3fn6){ref-type="table-fn"}                   product volume (*V*~prod~)                          0.25, 3.15      L           lognormal                                                    ([@ref33])
  weight of corrugated cardboard (*W*~CB~)                                            12.5                                                g/L                         ([@ref59])                                                   
  weight of kraft paper in grams used per liter of empty space (*W*~KF~)              0.033                                               g/L                         ([@ref60])                                                   
  box saturation (*S*)                                                                10, 50, 90                                          \%              BetaPERT    ([@ref61])                                                   

Single numbers are modeled as a deterministic value. Where two numbers are reported, a lognormal distribution is assumed and geometric mean and geometric standard deviation are provided. Where three numbers are reported, a BetaPERT distribution is used and the minimum, most likely, and maximum numbers are provided.

Rounded to the nearest integer. See [Section S3.2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

See [Section S3.2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

We multiplied this figure by 2 in our model to account for a round trip. See [Section S3.3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

Rounded to the nearest integer. See [Section S3.3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information for further details.

Further information on the "end of life" phase of the delivery packaging is provided in [Section S3.4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information.

Variable distributions were derived in the following order of preference:(1)Where the probability distribution was provided by the reference, we used the given distribution.(2)Where we had access to raw data, we derived the geometric mean and geometric standard deviation to define a lognormal distribution.(3)When our access was limited to a minimum, a maximum, and the most likely value, we assumed that a BetaPERT distribution fits the data. The BetaPERT distribution gives more emphasis on the most likely value to match the shape of the normal distribution.^[@ref32]^(4)Where we only had a range, for example, for classes of transport distances, we used a uniform distribution.

For categorical variables, for example, the choice of the transport mode, we always implemented a custom distribution to select a category with a specified probability (see [Section 2.4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) for further information).

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} provides an overview of the variables that are used in the upstream transport and the storage phases of our model. Note that the size and weight of FMCG products were specifically based on Unilever's portfolio of ambient stored products, that is, personal care products, homecare products, and food and refreshment products such as peanut butter and tea^[@ref33]^). The corresponding figures and assumptions are presented in [Sections S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information.

The data and sources for the last-mile phase of the three retail channels are shown in [Tables [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} (brick and mortar) and 3 (bricks and clicks and pure play). We used country-specific data for the last-mile travel phase in brick and mortar, and therefore the corresponding calculated GHG emissions are also country-specific. However, sufficient data to create a country-specific distribution for the last-mile transport in the online channels was not available. The last mile transport in the online channels highly depends on the consumer density of the region where the products are delivered to.^[@ref8]^ Therefore, we gathered data from different regions with potentially different consumer densities that influence the drop mileage for both bricks and clicks and pure play and logistical infrastructures related to parcel delivery that influences the stem mileage for pure play only. For bricks and clicks, we used data from Gonzalez-Feliu et al.,^[@ref43]^ which provided information for central urban, near-periphery, and far-periphery areas. For the pure-play channel, we estimated the distribution of stem mileage using information from Dablanc et al.^[@ref44]^ who provided the distance between the warehouses to the center of gravity for 23 areas around the world covering a population density of between 70 and 5328 inhabitants/km^2^. For the drop mileage, we found data from the literature for various regions with various consumer densities in the U.K., the U.S., and Belgium (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) and used them to create the distribution. Therefore, our results for the last-mile travel are generic figures that can be used for the U.K. and also for other countries with a high variability in consumer density in different regions of the country. Further details of the assumptions related to the last-mile phase are presented in [Section S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information. The GHG emission intensity of the different types of vehicles and materials that are used in this study is presented in [Section S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) of the Supporting Information.

2.4. Model Simulation {#sec2.4}
---------------------

To quantify the variability in the GHG footprints of a single FMCG purchased through each channel, a Monte Carlo simulation^[@ref62]^ with 100,000 iterations was performed in R version 3.6.1^[@ref63]^ (the source code is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf)). The simulation took 8.4 min on a PC with an Intel Core of i7-5600 CPU, 256 GB HDD, and 16 GB of RAM. In each iteration, a number was randomly selected from the distributions of the input variables, and [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"} were used to calculate the GHG footprints.

To include the role of travel modes in the brick and mortar channel and their associated distances in different countries, we first developed four discrete custom distributions (one for each country) each having probability values equal to the probability of the use of the different modes of travel in the four countries (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Then, for each country and iteration, individual values were randomly selected for each parameter using its probability distribution.

To quantify the GHG emissions per item due to delivery packaging of pure players, we randomly sampled *n* (= BS~PP~: the number of items per delivery) numbers from the generated distribution by [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} and summed them to estimate the total GHG emissions per delivery due to packaging. Then, we divided the GHG emissions per delivery by BS~PP~.

To quantify the relative influence of the input parameters on the variability in the GHG footprints, we calculated the contribution to variance for all of the variables of the model following the procedure described by Shahmohammadi et al.^[@ref64]^ For the categorical variables (e.g., mode of transport, truck type, and the use of ships), we first performed a multifactor analysis of variance (ANOVA). Then, we calculated the contribution to variance for each categorical variable by dividing the sum of squares of each variable by the total sum of squares. The remaining variability is explained by the continuous variables (distances, gas and electricity use by warehouses and retailers, etc.). For these variables, the squared Spearman's rank correlation coefficient for each input parameter of the GHG footprint of interest was divided by the sum of all squared rank correlation coefficients of the continuous input parameters.

3. Results {#sec3}
==========

3.1. GHG Footprint of Different Retail Channels {#sec3.1}
-----------------------------------------------

The GHG footprints per item for the different retail channels are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In 63% of the runs in our simulation, the total GHG footprints of brick and mortar (in the U.K.) are higher than those of bricks and clicks and lower than those of pure players in 81% of the simulation runs. The median total GHG emissions of 0.18 kg CO~2~eq/item (90% interval 0.08--0.52 kg CO~2~eq/item) delivered via the pure-play channel are approximately twice as high as the median total GHG emissions of traditional retailing (0.10 kg CO~2~eq/item; 90% interval: 0.04--0.37 kg CO~2~eq/item) in the U.K. and 2--5 times greater than those of bricks and clicks (0.07 kg CO~2~eq/item; 90% interval: 0.05--0.11 kg CO~2~eq/item). Upstream and last-mile transports account for the majority of the total GHG emissions, while the last-mile emissions show the highest variability.

![GHG footprint of different retail channels by phase in kg CO2eq/item. (Boxplots show the 5th, 25th, 50th, 75th, and 95th percentiles.)](es9b06252_0005){#fig2}

The variability in GHG emissions associated with upstream transport is lowest for brick and mortar and bricks and clicks (0.03--0.06 kg CO~2~eq/item) and highest for pure players (0.01--0.10 kg CO~2~eq/item). The GHG emissions of the last-mile packaging for pure players range between 0.003 and 0.09 kg CO~2~eq/item. The GHG emissions associated with the storage of products are small (\<0.01 kg CO~2~eq) in all cases. The last-mile transport has a median GHG footprint of 0.04 kg CO~2~eq/item (90% interval: 0--0.31 kg CO~2~eq/item) for brick and mortar, 0.02 kg CO~2~eq/item (90% interval: 0.01--0.07 kg CO~2~eq/item) for bricks and clicks, and 0.11 kg CO~2~eq/item (90% interval: 0.03--0.43 kg CO~2~eq/item) for the pure-play channel.

3.2. Contribution to Variance {#sec3.2}
-----------------------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that the basket size is the dominant source of variability in both brick-and-mortar (in the U.K.) and bricks-and-clicks channels. For the pure-play channel where the number of items delivered varies between 1 and 5, the basket size contributes to 28% of the variance. The second major contributor to the variance is the last-mile travel distance with a share of 32% for brick and mortar, 15% for bricks and clicks, and 34% (25% from stem mileage and 9% from drop mileage) for pure players. While the GHG emission intensity of delivery vehicles used in the last mile accounts for 15 and 12% of the variance in the footprints of bricks and clicks and pure players, respectively, the GHG emission intensity of passenger cars only contributes to 1% of the variance in brick and mortar. Instead, the mode of transport has a considerable contribution to variance (14%) for brick and mortar. The number of parcels delivered per delivery tour and the failed delivery rate account for 15 and 13% of the variance in the GHG footprint of pure players, respectively.

![Contribution of input variables to the variance in the total GHG footprints.](es9b06252_0004){#fig3}

3.3. Differences in Last-Mile GHG Footprints between Countries (Brick and Mortar) {#sec3.3}
---------------------------------------------------------------------------------

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows that the last-mile GHG emissions in the brick-and-mortar channel vary from 0 in all countries (in cases where vehicles are not used) up to 0.03 kg CO~2~eq in China, 0.27 kg CO~2~eq in the Netherlands, 0.31 kg CO~2~eq in the United Kingdom, and 0.56 kg CO~2~eq in the United States (95th percentiles). The median last-mile GHG emissions in China, Netherlands, the United Kingdom, and the United States are 0, 0.002, 0.041, and 0.065 kg CO~2~eq/item, respectively. The differences in the last-mile figures for brick and mortar are primarily caused by the different shares of each mode of transport used in different countries (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![Last-mile GHG emissions (brick and mortar). The boxplot presents the 5th, 25th, 50th, 75th, and 95th percentiles.](es9b06252_0001){#fig4}

3.4. Use of Electric Cargo Bikes for Pure Players {#sec3.4}
-------------------------------------------------

Substituting delivery vans with electric cargo bikes leads to a GHG emission reduction of 0.02--0.11 kg CO~2~eq/item. The median GHG emissions associated with last-mile transport are 42% lower and the median footprints are 26% lower when fossil fuel vans are replaced by electric cargo bikes for the last phase of delivery, that is, the drop mileage.

4. Discussion {#sec4}
=============

4.1. Online versus Traditional Shopping {#sec4.1}
---------------------------------------

In this study, we compare the different retail channels from a climate-change impact perspective. Whether online shopping is better or worse than traditional shopping of FMCGs in terms of GHG emissions depends on the online retail channel and the consumer practices and choices in the region for which the comparison is made. Brick and mortar typically has a lower GHG footprint than pure-play retail. This finding contradicts the results of Edwards et al.^[@ref4]^ who argued that online retailing can make a significant contribution to the development of a future low-carbon economy. They have, however, compared the GHG emissions per shopping event and did not consider the link between the retail channels and the basket size, which leads to a different conclusion than that of the current study. The GHG footprints calculated from the corporate sustainability reports of parcel companies such as GLS,^[@ref9]^ UPS,^[@ref10]^ DPD group,^[@ref11]^ Hermes,^[@ref12]^ and PostNL^[@ref13]^ range between 0.4 and 1.2 kg CO~2~eq/parcel (which in our model includes 1--5 items). These GHG footprints are larger than our average figure for the last-mile transport of pure players (0.3 kg CO2eq/parcel). This difference can be explained by the fact that not all of the deliveries by parcel companies are related to e-commerce. For example, 62% of the revenue gained by PostNL in 2017 was not related to e-commerce.^[@ref13]^ For e-commerce, the last-mile distance (the sum of stem mileage and drop mileage) is rather short (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) as the parcel distribution centers are often relatively close to the areas where the parcels are being delivered to. In particular, FMCGs are often offered only relatively locally to prevent high transport costs on items with only a moderate margin. However, for deliveries that are not related to e-commerce, the distances could be much longer (e.g., when a parcel must be transported between two places that are far away or for international deliveries). In this study, we assumed that only vans are used for the last-mile delivery of the e-commerce channels, whereas the numbers reported by parcel delivery companies cover a wider range of services including air freight, which is not typically used for low-priced products like FMCGs. The GHG footprint related to air freight is relatively high (1.1 kg CO2eq/(kg·km)),^[@ref65]^ and in 2018, 59% of UPS' GHG footprints were related to airline fuels.^[@ref66]^

Bricks and clicks has a lower median GHG footprint than brick and mortar in our study. This is in line with Wygonik et al.,^[@ref5]^ who observed 20--90% reductions in CO~2~ emissions when home delivery (bricks and clicks) substituted traditional grocery shopping in the U.S. However, for regions where consumers often walk or cycle to the shops, as in China, there is less or even no reduction in GHG emissions to be achieved by bricks and clicks.

4.2. Study Limitations {#sec4.2}
----------------------

We selected two archetypes of e-commerce, that is, bricks and clicks and pure play, while other types of online shopping channels, such as pure play with its own van delivery (rather than through parcel delivery companies) and click and collect (where consumers order online and travel to a shop or collection point to retrieve their goods), are currently also employed. However, these new forms resemble the archetypes studied here with the supply chain of click and collect being similar to that of traditional retailing while pure players with van delivery is likely to be similar to bricks and clicks.^[@ref3]^ Additionally, in some cases, products are returned by consumers, and this could add to the GHG emissions since additional transportation will be needed to return the products. Products could also be damaged or expire during transportation or in the stores. Previous research shows that return of products is typically higher in online channels, and unsold products are larger in traditional retailing,^[@ref67]^ and the impacts of returns and losses could be significant for some products.^[@ref67],[@ref68]^ Whether the overall effect of product returns and losses is lower for online shopping or traditional shopping is controversial.^[@ref67],[@ref69],[@ref70]^ A number of studies argue that returns are negligible for FMCGs.^[@ref3],[@ref71],[@ref72]^ However, we do not know whether the impacts of losses for FMCGs is higher in the online channels or in brick and mortar.

We also assumed that delivery packaging is negligible for brick and mortar and bricks and clicks because many consumers use reusable bags in the brick and mortar channel and returnable packaging is often used in the bricks and clicks channel. Besides, using data from the literature we found that including the use of plastic bags for the last-mile transport would have negligible influence on the GHG footprints of these channels (see [Section S3.4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf) for more details). For the pure-play channel, even though both air-filled plastic and kraft paper are widely used to fill the void in the box, we based our calculations on the use of paper only. Given the small amount of paper or plastic used for this purpose, we do not expect to see significant changes in our results by adding air-filled plastic to our analysis (air-filled plastic weighs around 1 g/piece^[@ref73]^). The GHG emissions associated with information technology (IT) used by retailers and consumers were also assumed to be minor. Previous studies showed that the contribution of IT to GHG footprints of retail channels is less than 1%.^[@ref3],[@ref18]^

Although great care was taken in gathering process-specific data for each retail channel, it was sometimes inevitable to make assumptions because of data limitations. Various sources of data are collected by both online and brick and mortar retailers. However, published empirical data on the type and number of products purchased are very limited, and therefore we had to make some assumptions regarding the basket size for each retail channel. Besides, for the last-mile delivery phase, we ignored the role of product weight and volume in GHG footprint allocation. Furthermore, we assumed that the same types of products are purchased through the different channels. However, while the top-selling FMCGs at supermarkets are food products,^[@ref74],[@ref75]^ personal care and baby care products dominate the online basket.^[@ref2]^ Buying bulkier products through online channels would lead to higher GHG emissions due to transportation, storage, and packaging. We further assumed that all upstream transport is the same for the three different channels even though the logistics of pure players could be different from that of brick and mortar and bricks and clicks, affecting GHG estimates related to secondary and tertiary transport. Systematically tracing the distribution steps for products through their entire supply chain could provide valuable information for better evaluation of the environmental impacts of different retail channels. However, as FMCGs are competitively low-priced products, detailed tracking and tracing of travel routes is not financially feasible using conventional technologies. Modern technologies such as a blockchain could potentially enable this level of traceability for a wide range of FMCGs in the near future.^[@ref76]−[@ref78]^

4.3. GHG Reduction Potential {#sec4.3}
----------------------------

Our results showed large variability in the GHG footprints of pure players and the GHG footprints of brick and mortar when vehicles are used for shopping. Consumers who shop traditionally (i.e., via brick and mortar) could reduce their GHG footprints by applying trip chaining (when the shopping trip is part of a larger trip, e.g., shopping when returning home from work) and by using cleaner modes of transport.

Pure players could reduce their last-mile footprints by switching from delivery vans to electric cargo bikes and also reducing the failed delivery rate. Another option for pure players to reduce their GHG footprints is to locate warehouses closer to their customers in order to decrease the stem mileage. However, Dablanc et al.^[@ref44]^ studied the logistics sprawl in 25 metropolitan areas of the world and found that the average distance of warehouses to their barycenter (center of gravity) is increasing by a rate of 0.31 km/year. Pure players offer a huge range of products to consumers. However, these products are often not stored in one place, and therefore multiple deliveries might be required to fulfill an order when several products are purchased. Therefore, consumers could reduce the GHG footprints of their online purchase by purchasing multiple products from the same supplier and by choosing to bundle items rather than send each item as soon as it is ready. Consumers can also reduce the environmental impacts of their online shopping by foregoing fast delivery as it affects the routing efficiency.^[@ref56]^ Nonetheless, Barr^[@ref79]^ and Utter^[@ref80]^ argue that consumers value the convenience that fast delivery offers and are unlikely to forego it. Indeed, consumers buy more products online when same-day delivery is available, and they are highly willing to pay for it.^[@ref81]^

The majority of online orders are found to substitute frequent trips to a grocery store and do not substitute the infrequent trips to purchase items for occasional events.^[@ref44]^ Hiselius et al.^[@ref82]^ argued that consumers who frequently shop online make the same total number of trips to shops as consumers who do not. Our results show that online purchasing of FMCGs via bricks and clicks most likely reduces the GHG footprints in regions where personal vehicles are often used for traditional shopping (e.g., the U.S.). However, online shopping of FMCGs could increase emissions in the regions where people often walk or cycle to the shops (e.g., China and the Netherlands), even when substituting rather than adding to the number of shopping trips. When online shopping does not substitute traditional shopping, GHG emissions associated with individuals' overall shopping activity will likely increase. This is exacerbated when online shopping is fulfilled by the rapidly growing pure players since these have the highest footprints per item delivered and barely substitute the consumer trips to supermarkets.^[@ref3]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.est.9b06252](https://pubs.acs.org/doi/10.1021/acs.est.9b06252?goto=supporting-info).Data tables, additional information on the assumptions of the study ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_001.pdf))The R code of the model developed for the study ([TXT](http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06252/suppl_file/es9b06252_si_002.txt))
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